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Abstract
Long term average erosion rates were determined by measuring in situ 
concentrations of the cosmogenic radionuclide 10Be in the Blue Ridge of central Virginia. The 
time scale of the erosion rate measurements is on the order of 104-105 years. Several 
landscape variables were also investigated to determine which processes control erosion. 
Curvature and slope measurements taken at sample locations using ArcGIS showed slight 
correlations with erosion rate. Higher erosion rates had low slope values of <5% and 
curvature values that converged near 1.2. 
Location of the sample site was taken into consideration because many sites only 
had bare bedrock outcrops just off of their summits. Whether the sample was collected from 
a ridgeline or from a side slope had no effect on erosion rates. A slight negative correlation 
was observed between erosion rate and elevation from sea level throughout Shenandoah 
National Park, such that higher erosion rates were found at lower elevations. For sampling 
sites taken down the side of an individual peak no correlation was found between elevation 
and erosion rate. The dominant erosional processes present at the summits do not seem to 
have a significant effect on the erosion rates. Areas dominated by episodic events had lower 
erosion rates than sites dominated by grain-by-grain erosion. In contrast to previous studies, 
erosion rates found here were most heavily influenced by rock type. The metasandstone 
sampled had the lowest average erosion rate while the shale had the highest erosion rate 
average. 
The mean summit erosion rate for 20 bare bedrock samples is 9.72 m/My, but 
individual measurements varied from 2.46 to 41.00 m//My. Nearby long term fluvial incision 
rates are at least an order of magnitude larger than the summits erosion rates, indicating 
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that the landscape is in disequilibrium, more specifically that the relief in the central 
Appalachians is increasing. The increase in relief is likely due to either high frequency 
climate changes during the late Cenozoic era or the local change in the Blue Ridge drainage 
network during the late Miocene epoch. 
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Introduction
The Appalachian Mountains are one of largest and most studied ancient orogenic belts, 
located on the east coast of North America ranging from Newfoundland, Canada southwest to 
Alabama. They were formed by a series of collisions during the Alleghanian orogeny in the 
Paleozoic Era and further uplifted in the Late Triassic Period by an extensional event.  Initially, 
summits reached heights of about 3500 to 4500 meters (Pazzaglia and Brandon, 1996). Over 
time the mountain range has experienced significant erosion, with modern summits just reaching 
2000 meters. The longevity of mountain ranges has presented geologists with an interesting 
paradigm. Models have been developed to determine the relative importance of tectonic and 
surficial processes on orogenic evolution and some indicate that mountain ranges should be 
completely eroded in 107 to 108 years, yet the Appalachians still have significant relief even after 
hundreds of millions of years, suggesting that we lack an understanding of the rate at which 
surface processes operate on mountain ranges or the influence these surface processes have over 
the landscape (Ahnert, 1970; Beaumont et al., 2000; Whipple, 2001). 
One of these landscape models by Ahnert (1970) found that mountain landscapes should 
be almost completely eroded in approximately 107 years. His landscape model is based on the 
relationship between local relief in topography and mechanical erosion using data collected from 
20 mid-latitude river basins around the world. Many different environmental factors, such as 
stream erosion, climate, precipitation and temperature, isostatic and tectonic uplift, and 
vegetation, were evaluated to determine their effect on denudation rates. Precipitation and 
temperature were found to have the least effect on the mountain denudation rates. Taking uplift 
into account, Ahnert (1970) found that relief is reduced by 10% every 18.5 m/My. Without uplift 
the values change to 11 m/My (Ahnert, 1970) and the mountain chain erodes more quickly. 
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Thus, a combination of environmental factors work together to create a very dynamic condition 
of mountain decay where observed mountains chains are still able to have significant topography 
on time scales of 107-108 years. 
Hack’s Theory of Dynamic Equilibrium
In 1952 Hack began work in the central Appalachians in an attempt to find a new 
approach to understand landscape evolution. Competing ideas involving multiple erosion cycles 
were not sufficient enough to explain the multilevel landscape of the Valley and Ridge or the 
dissected landscape of the Piedmont (Hack, 1975). In his studies concentrating on the Blue Ridge 
in Virginia, Hack made the assumption that the landscape had been eroding for a long time and 
that it could be analyzed as though it were in steady state (Fig. 1; Hack 1960; Hack, 1980). His 
theory stated that eventually all landscapes will reach a state of dynamic equilibrium. This 
phrase, dynamic equilibrium, requires that “all elements of the topography are mutually adjusted 
so that they are downwasting at the same rate” (Hack, 1960). Basically what Hack meant was 
that the erosion rate will eventually become uniform across the entire landscape. 
In this general theory of landscape development landforms are effectively independent of 
time (Hack, 1960). A time independent model allows the underlying structure and geologic 
processes to be isolated to determine their influence on the evolution of the landscape. 
Differences and characteristics of landscape forms can be explained in terms of spatial relations 
where geologic patterns are the primary consideration rather than theoretical evolutionary 
developments. Since all parts of a landscape should be eroding at equal rates, Hack believed 
topographic expression to be a reflection of the underlying lithology (Hack, 1960). Different 
rock resistances produced the differences in topographic relief throughout the Appalachians.
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Figure 1. Showing three possible erosional scenarios the Appalachians could be experiencing. A) Dynamic equilibrium where 
topographic highs are eroding at the same rate as the valleys, B) decreasing relief where the summits are eroding faster than the 
valleys, or C) increasing relief where fluvial erosion rates are higher than the summit rates. Arrows represent erosion; thickness 
represents the rate of erosion. Longer purple arrows indicate a faster erosion rate and shorter green arrows a slow rate. Yellow arrows 
represent an intermediate rate. For the situation of dynamic equilibrium, the erosion rate can be either high or low; the important thing 
is that the rates are the same for the topographic highs and lows. 
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Hack considered the possibility that landscapes in dynamic equilibrium could be knocked 
out of that pattern of erosion temporarily by perturbations such as uplift, rock type or climate 
change (Hack, 1960). This shift from dynamic to differential erosion can produce a diverse suite 
of geologic landscape features. Mature dissected peneplains, pediments, river terraces, and ridge 
and ravine topography are all landscape features that indicate a system in disequilibrium (Hack, 
1960). Once a landscape is knocked into a new pattern of erosion it will again begin to work 
towards a state of dynamic equilibrium so that all parts of the landscape are eroding at the same 
rate. 
Recent work
To get a better idea about the processes that influence ancient orogenic belts and other 
rocky landscapes scientists have begun to investigate erosion rates on sediments from river 
terraces and caves in the Piedmont and summit bare bedrock outcrops throughout the 
Appalachian mountains (Pavich et al, 1985; Granger et al., 1997; Pazzaglia and Brandon, 1998; 
Hancock et al., 1999; Mills, 2000; Matmon et al., 2003a; Reusser et al., 2004; Reusser et at., 
2006; Hancock and Kirwan, 2007; Duxbury et al, unpublished). 
In their study in the Great Smoky Mountains, Matmon et al. (2003a, 2003b) found 
evidence in the southern Appalachians to support Hack’s (1960) theory of dynamic equilibrium, 
where the bare bedrock erosion rates correspond with those rates in the surrounding basins. They 
began their investigation by measuring concentrations of 10Be and 26Al in quartz from 10 bare 
bedrock, 3 colluvium and 43 alluvial samples collected from Great Smoky Mountains National 
Park, straddling the boarder between Tennessee and North Carolina. The bare bedrock samples 
were metamorphosed sandstones, gneisses, and quartz pegmatites collected from outcrops along 
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the main Great Smoky Mountain drainage divide and along the Cataloochee River-Raven 
Forkdivide.  Alluvial samples were collected form three basins, the Oconaluftee River, Raven 
Fork and Little River. From this they were able to determine that the sediment generation rates 
ranged from 46 to 100 tons/km2/yr, which implies a model erosion rate between 25 and 30 
m/My. The bedrock samples yielded average erosion rates of 29 ± 13 m/My. Due to the close 
proximity of the two rates Matmon et al. (2003a, 2003b) determined that the Great Smoky 
Mountains are neither increasing nor decreasing in relief over time scales of 104-105 years. They 
believe that a relatively thick continental crust, ranging from 40 and 50 km, has helped to drive 
isostatic uplift and allowed the southern Appalachians to achieve and maintain its high 
topography.
Matmon et al. (2003a, 2003b) used their 10Be concentrations to infer sediment generation 
rates and then equate them with bare bedrock erosion rates. All of those steps can involve 
considerable error that could significantly affect erosion rate values. Reporting results as basin 
averaged rates could be integrating the erosion rate value over too large an area. Erosion might 
be occurring in concentrated areas within the basin and averaging erosion rates does not give an 
accurate representation of the erosion rate at specific points in the landscape. 
Another more recent study supporting Hack’s theory of dynamic equilibrium has 
emerged. Duxbury et al. (unpublished) investigated erosion rates in Shenandoah National Park, 
Virginia using measured 10Be concentrations in 5 bare bedrock samples and fluvial sediment 
from 42 single- and 11 multi-lithology basins (103-106 year timescale) to determine whether or 
not the landscape is in equilibrium. One bare bedrock sample of each of the main rock types in 
Shenandoah National Park was collected: granite, metabasalt, quartzite, siliclastic rocks and 
sandstone from Massanutten Ridge. This study obtained an average single-lithology basin 
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erosion rate of 12.6 ± 1.6 m/My, a multi-lithology basin erosion rate of 10.4 m/My, and an 
average bare bedrock erosion rate of 5.7 ± 0.8 m/My. According to the researchers, erosion rates, 
bare bedrock or fluvial, for each of the lithologies all fall within a similar range, 3.8- 26.2 m/My. 
Duxbury et al. interpreted their data to indicate that topographic highs and basins were 
denudating at similar rates such that there is no increase or decrease in relief. This conclusion 
supported their claim that erosion rates are independent of lithology. 
However, the range of erosion rates obtained by Duxbury et al. (unpublished) for their 
different sampling locations does not appear to be comparable. Hack’s theory of dynamic 
equilibrium requires all points in the landscape erode at the same rate and Duxbury et al.’s 
(unpublished) erosion rates differ by 22.4 m/My. Erosion rates ranging from 3.8 to 26.2 m/My 
seem to imply that relief is increasing between the bedrock summits and the basins, both single 
and multi-lithology. It is also important to note that the researchers measured basin averaged 
erosion rates, not fluvial erosion rates. When using basin averaged rates it is more difficult to 
infer exactly where erosion is occurring fastest in the landscape, making it difficult to accurately 
answer the question of relief change. Thus the use of the basin erosion rates might be somewhat 
problematic. 
In contrast to this, data collected from the central Appalachians indicates both decreasing 
and increasing relief. Braun (1989) found that the rates of erosion for topographic highs were 
much faster than basin-averaged erosion rates in periglacial environments for three sites in the 
southern Appalachians. His three sampling locations were periglacial sites located at different 
distances from the Pleistocene glacial limit. The Nesquehoning site was located on a ridgetop in 
the Ridge and Valley of Northeastern Pennsylvania, the Buffalo Creek basin on the Appalachian 
Plateau in Northern West Virginia and the Flatwood School site was in the Piedmont province, 
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30 km east of the Blue Ridge. Braun (1989) obtained summit erosion rates of ~75-300 m/My by 
first estimating the volume of colluvium at his sampling locations and then dividing by an 
estimated time interval of periglaciations. Since Braun’s periglacial summit erosion rates are at 
least 8 times higher than modern fluvial erosion rates (~22 m/My) estimated from colluvium he 
determined that periglacial activity was the driving erosional force in the central Appalachians, 
particularly during glacial periods. Based on these very high upland erosion values Braun (1989) 
concluded that the Appalachians have recently been experiencing a decrease in relief (Fig. 1). 
Quite opposite from Braun’s (1989) study are the results of Bierman and Caffee (2002). 
In Australia researchers collected 61 samples from inselbergs along a transect from the Eyre 
Peninsula to the Kakadu area in the Northern Territory. They documented a sharp contrast in the 
erosion rates measured from stable topographic highs, 0.3 ± 0.1 to 5.7 ± 1.0 m/My, and more 
rapid rates measured in low-lying areas and adjacent planes. As the inselbergs are growing in 
relief they are also narrowing as mass is lost from their sides. Bierman and Caffee decided that 
their data shows inselbergs eroding so slowly that they could potentially be descended from 
Cenozoic and possibly even Mesozoic rock forms. These rates collected in Australia are of the 
same order of magnitude as those bare bedrock erosion rates collected from Dolly Sods, WV, the 
central Rocky Mountains and Sierra Nevada (Hancock and Kirwan, 2007; Small et al., 2007).   
Work done on Dolly Sods, West Virginia by Hancock and Kirwan (2007) yielded similar 
results. In this part of the central Appalachians they found that the regional stream erosion rates 
are faster than bare-bedrock erosion rates, leading to an increase in relief (Fig. 1). Samples were 
collected from tors and other flat surfaces on Dolly Sods in West Virginia, which were then 
processed to determine their concentrations of 10Be. The mean erosion rate for all of their 
samples averaged out to approximately 5.65±2.5 m/My. Hancock and Kirwan (2007) found 
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bedrock erosion rates to be comparable with others from similar environments, such as granite 
inselbergs in Georgia over 300-700 ka timescales (~7m/My; Bierman et al., 1995), granite 
inselbergs in Australia (0.3 ± 0.1 to 5.7 ± 1.0 m/My; Bierman and Caffee, 2002), the Central 
Rocky Mountains and Sierra Nevada (7.6±3.9 m/My; Small et al., 1997) and Virginia Piedmont 
erosion rates over times of 107 years (4.5-8 m/My; Pavich et al., 1985).
Comparing these bare bedrock erosion rates with fluvial incision rates collected from 
other studies in the region demonstrates that the bedrock rates are relatively slow because fluvial 
rates were greater by at least an order of magnitude. In addition, the bedrock samples collected 
were taken from specific points in the landscape, which indicates exactly the rates of erosion on 
the topographic highs. Data compiled over much of the east-central and southeastern United 
States show average fluvial incision rates of ~30-1000 m/My on Piedmont, Blue Ridge, Valley 
and Ridge, and Appalachian Plateau rivers (Mills, 2000). Reusser et al. (2004) determined fluvial 
incision rates to be ~600-800 m/My during the late Pleistocene from cosmogenic radionuclide 
dating of terraces on the Potomac and Susquehanna Rivers. Hancock and Kirwan’s (2007) 
conclusion that relief is increasing is supported by increasing relief in other physiographic 
provinces, such as the Green River, Kentucky where fluvial erosion rates were at least an order 
of magnitude greater than ridgetop erosion rates (Granger et al., 2001). 
In addition to all of the studies investigating erosion rates on topographic highs, there are 
many geomorphologists that have taken a closer look at fluvial erosion rates and weathering in 
the Piedmont. Granger et al. (1997) investigated fluvial incision of the New River, in the Valley 
and Ridge province of western Virginia by taking samples of emplaced river deposits from 5 
caves and using cosmogenic radionuclides to date the sediment burial. These dates were then 
used to constrain the fluvial incision rate to 27.3 ± 4.5 m/My by regressing the elevation of caves 
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above the modern river by the age of sediment emplacement. This burial dating technique is 
based on the ratio of 26Al to 10Be, not their absolute concentrations. Thus it is not directly 
measuring erosion rate. Granger et al. (1997) conducted this study to cover a time scale of 0.3 to 
5 million years. Recent work in the Piedmont has found denudation rates of ~10 m/My while 
incision rates from Susquehanna River terraces indicate an increase from ~10 m/My to ~750 m/
My over the last 10 million years (Pazzaglia et al., 1998; Mills 2000). 
Reusser et al. (2004) looked at the variability of incision rates of the Potomac and 
Susquehanna Rivers throughout the Pleistocene. Fluvially eroded bedrock surfaces were sampled 
from terraces of each of the rivers, Mather Gorge on the Potomac and Holtwood Gorge on the 
Susquehanna. The authors concluded that rivers draining the Atlantic passive margin are capable 
of episodically incising through bedrock quickly. Shorter scale erosion rates (103) were higher 
than calculated long term rates of river downcutting (106). On average, erosion rates were ~600-
800 m/My during the late Pleistocene from the Potomac and Susquehanna Rivers.
Fluvial erosion rates were also obtained for the Cheat River in West Virginia using cave 
sediments (Springer et al., 1997). Many assumptions must be made when using 
magnetostratigraphic samples to calculate erosion rates, such as all samples must be assumed to 
be equally representative of base level and tiered passages in multi-level caves represent 
previous base level stands attained by the river. Thus sediment in these tiered passages can be 
used to calculate ages for previous stands and then determine the erosion rates for the base level 
stream. In the Cheat River, the average erosion rate was ~60 m/My over a time period of 0.788 
My (Springer et al., 1997). 
Recent work within the Appalachians has indicated that the current evolution of this 
ancient landscape, long thought to be slowly eroding away and undergoing declining relief and 
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elevation, may not be as simple as has been previously assumed.  Different parts of the 
Appalachians have yielded different results for relief production, increasing, decreasing and 
steady-state. We attempt to evaluate Hack’s idea of dynamic equilibrium and determine the 
direction of relief change in the Appalachians. To address the direction of relief change, rates of 
elevation change for the highest and lowest points in the landscape will need to be quantified. In 
this study we are using bare bedrock erosion rates obtained from using 10Be concentrations on 
several summits from the Blue Ridge, Virginia, contained within Shenandoah National Park. We 
specifically chose sample locations with lithologies, such as granite and metasedimentary rocks, 
that hold up the persisting bare bedrock summits (Fig.2). Such a location will allow us to 
simultaneously address the following questions: (1) What do the erosion rates on bare-bedrock 
summits in Shenandoah National Park suggest about relief change? (2) How does erosion vary 
with the different rock type? (3) How do these rates compare with others from the Appalachians 
and similar environments?
Study Area
Virginia’s Blue Ridge province is located within the central Appalachians, where the 
most of the variable erosion rate data comes from. This geologic province forms a broad 
anticlinorium several kilometers wide. Erosion has allowed many of the Blue Ridge rocks to be 
exposed in Shenandoah National Park. The park itself is roughly 200,000 acres in area and about 
110 km long, ranging in width between 5 and 10 km. Some of the mountain summits reach 
elevations of 2000 m (Duxbury et al., unpublished). These topographic highs are held up by a 
diverse suite of rocks (Fig. 2).
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Figure 2. Geology of Shenandoah National Park from classification of T.M. Gathright II (1976).
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The basement rocks include mostly igneous and metamorphic rocks from the Grenvillian 
orogeny over 1 billion years ago. On the western side of the Appalachians the granitoid basement 
rocks are overlain by the metasedimentary Swift Run Formation, which is composed mainly of 
arkoses and is locally absent (Fig. 3). Above that formation is a metavolcanic unit known as the 
Catoctin Formation, a tholeiitic metabasalt that erupted around 575 millions years ago, just after 
the deposition of the Swift Run Formation. Overlying the metabasalt is the Chilhowee Group, 
containing the Weverton, Harpers and Antietam formations. This siliclastic group has abundant 
Skolithos fossils and represents the transition from a rifting environment to a passive margin 
around 540 million years ago (Bailey et al., 2006).
Methodology
Field Sampling
Preliminary reconnaissance hikes in the Blue Ridge within Shenandoah National Park 
were undertaken during the summer of 2008 to assess which peaks would be most suitable for 
sampling. Beforehand, ArcGIS was employed to create a digital elevation model of the park as 
well as to create a geologic map. Ten peaks were found that have bare bedrock outcrops with 
adequate abundances of quartz to make 10Be concentration measurements reflecting long term 
erosion (Fig. 2 and 4). It was important to select summits with a variety of rock types in order to 
examine how erosion rates vary with different lithologies and that the chosen summit sample 
sites are long-lived topographic features. If they were recently uncovered areas results would be 
altered such that the obtained erosion rate would be a maximum.
Sample collection began mid-July and continued until October 2008. A total of 35 
samples were collected from bare bedrock surfaces using a rock hammer and chisel and placed in 
labeled sample bags. Those sites with flat surfaces were more desirable because cosmogenic 
16
Figure 3. Generalized stratigraphic column of rock formations found in Shenandoah National 
Park. More specifically, the Old Rag Granite is a light-gray, coarse-grained, quartz-potassium 
feldspar granite. The granitic basement complex is greenish-gray in color, coarse-grained, and a 
massive to banded granodiorite. Included in the Swift Run Formation is a dark gray to purple 
sericitic shale, a gray to brown quartzite, and brown argillaceous pebble-conglomerate. The 
Catoctin Formation is composed of dark green metamorphosed basalt with interbedded purple 
phyllite. The Weverton Formation is a light gray, ferruginous, locally resistant, conglomeratic 
quartzite with interbedded brown and green conglomeratic shale and silvery-green sericitic shale. 
In the Harpers Formation both a brown to greenish-gray metasiltstone and metasandstone with 
interbedded greenish-brown to black, resistant, ferruginous quartzite are included. Lastly, the 
Antietam Formation is composed of two members. The upper member is light gray to white 
quartzose and arkosic sandstone with interbedded, yellowish-red to white clay and sandy clay, 
while the lower member consists of light gray to white, very resistant, thickbedded 
metasandstone with interbedded brown shale and siltstone. The metasandstone contains abundant 
Skolithos (Borrowed and modified from Gathright, 1976).
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Figure 4. Digital Elevation Model of Shenandoah National Park with sample locations. 
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radionuclides would have been able to reach the rock surface unimpeded by sloping surface. 
However, if horizontal sampling surfaces were unavailable for sampling or if we decided to 
specifically sample a sloping surface then strike, dip and dip directions were recorded. Sample 
sizes ranged from 1-2 kg with thicknesses between 2- 10 cm; we collected more if the rock did 
not appear to be abundant in quartz. It was important to try and collect a single intact sample. 
Preexisting fractures in the rock were used to our advantage in removing samples from the rock 
surfaces. It was necessary to take samples from the top interior surface of the rock bodies to 
ensure purity of the quartz, instead of from the sides or edges of an outcrop. Sampling from these 
locations ensures that the erosion rate obtained will not be altered by in situ cosmogenic 
radionuclides entering the rock sample from its side, thus adding more 10Be than it would have 
had just sitting directly on top of the bedrock outcrop. It is assumed that the quartz in these more 
interior samples will not have been effected by erosion, weathering or meteoric 10Be. Production 
rates of meteoric 10Be are often several orders of magnitude (103) greater than abundances for in-
situ 10Be, which could potentially alter the results of concentrations and affect the calculated 
erosion rate values (Bierman, 1994; Gosse and Phillips, 2001). If meteoric 10Be were to 
contaminate a sample the calculated erosion rate would be lower than normal because when 
meteoric 10Be abundances are added to in-situ values a larger 10Be concentration is obtained. 
Higher concentrations of 10Be in a surface indicate lower erosion rates. However, in this study we 
are confident that all the meteoric 10Be was removed from our samples through hydrofluoric acid 
etching.
Other data was collected at the sample sites, such as the locations and elevations using a 
GPS device, accurate up to 2 meters (Appendix A). Horizontal blockage was measured once the 
samples were collected to aid in calculating shielding correction values later. Measurements 
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were made by simplifying the horizon topography with straight lines. Inclination angles from the 
sample surface up to the horizon topography were measured and recorded for all of the high and 
low points (Fig. 5). If the horizon topography was too low to interfere with cosmogenic 
radionuclides reaching the sampling surface then a value of zero would be assigned to those 
azimuths at the zero value. Shielding correction values are important because they measure for 
topographic obstructions in the horizon geometry that reduce cosmic ray flux to a particular 
sample site (Lal, 1991; Gosse and Phillips, 2001; Balco et al., 2008). When present the sizes of a 
random sampling of chipping lengths were measured in centimeters using a ruler if available, 
otherwise a field notebook was employed (Appendix B). The term “chipping length” refers to the 
thickness of blocks that have been detached from the bedrock along weaknesses in the rock, such 
as joints or fractures. Measurements made in field notebooks were later converted to centimeters. 
The total number of lengths recorded ranged from 15 to 90 depending on the abundance of 
detached blocks at the sample sites. 
ArcGIS (Arc geographic information system software) was used to determine slope and 
curvature at the sampling locations. Beforehand the digital elevation model (DEM) was used to 
check the GPS recorded sample locations and elevations to ensure correct measurements were 
obtained. The elevation values of the DEM range from 1231.93 m to 84.5176 m. ArcGIS 
measures slope by calculating the maximum rate of change between each cell and its neighbors. 
Curvature can be defined as the slope of the slope. In ArcGIS it is calculated on a cell by cell 
basis by fitting a forth order polynomial to a 3 cell by 3 cell window. The spacing in the digital 
elevation model is 10 m. Lower slope values indicate flatter terrain. Curvature is calculated in a 
similar way, on a cell by cell basis, fitted through the designated cell and its eight neighbors.
20
 Figure 5. A) Example horizon at a sample location. B) Geometric breakdown of the horizon into linear 
segments to calculate horizontal blockage. Zero elevation is where there is no blockage from that part of 
the horizon. Measurements should be made up from the zero point. Data is recorded in degrees (borrowed 
from http://hess.ess.washington.edu/math/general/skyline_input.php). 
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Laboratory Methods
Using cosmogenic radionuclides to calculate erosion rates and exposure ages has become 
more common in the last decade due to advances in the technique and methods of interpretation. 
Cosmogenic radionuclides are isotopes formed by the interaction of high energy cosmic rays, 
originating mostly in the Milky Way Galaxy, with stable elements in the Earth’s atmosphere and 
crust such as oxygen, silicon, iron and magnesium contained in mineral grains. The primary 
reaction for most cosmogenic isotopes is spallation, the splitting of a target nucleus by high 
energy fast moving cosmic ray neutrons. Other reactions that can occur include muon capture, 
neutron activation, and alpha particle activation (Bierman, 1994; Gosse and Phillips, 2001). 
Quartz and olivine are the most frequently used minerals for 10Be (t1/2=1.5 My) analysis. 
Here, quartz is used because it is geologically abundant and its resistance to weathering allows it 
to be easily separated from other minerals. Quartz’s tight crystal structure minimizes the 
possibility of contamination by meteoric 10Be and its simple mineral composition, SiO2, allows 
for the accumulation of 10Be (Nishiizumi et al., 1986; Kohl and Nishiizumi, 1992). 
Samples were processed in the McGlothlin-Street Hall cosmogenic lab to extract quartz. 
Processing was completed in batches for speed because there is the capacity to do up to 8 
samples simultaneously. To begin, samples were broken up using a rock hammer, crushed with a 
jaw crusher and then pulverized with a disk mill. Roughly 100 g of sample was collected from 
the 250-500 micron fraction and then placed in a beaker with 10 mL of milliQ water and 10 mL 
of hydrochloric acid per gram of sample. These hydrochloric leaches get rid of carbonates, iron 
oxides and organics present in the sample (Kohl and Nishiizumi, 1992; Gosse and Phillips, 
2001). Samples were then moved into 4 L bottles to begin the hydrofluoric leaches, which 
remove feldspars and clays, and etch the outside of the quartz grains to remove any meteoric 
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10Be. For the initial hydrofluoric leach use 7.5 g of sample per liter 1% HF/ 1% HNO3 (Kohl and 
Nishiizumi, 1992), adding 3660 mL of milliQ, 54 mL nitric acid and 83 mL hydrofluoric acid to 
each bottle. For all subsequent runs in the ultrasonic tanks use 15 g samples per 3660 mL of 
milliQ, 54 mL nitric acid and 83 mL hydrofluoric acid (W&M Cosmogenic Lab Manual). 
Samples were put through hydrofluoric leaching until it was thought that the quartz had been 
sufficiently purified. If there was a question about the purity of the sample it was placed under a 
microscope and analyzed for the presence of minerals other than quartz.
After quartz purification, samples were dissolved by measuring out 20-40 g of each 
sample and spiking them with ~0.5 mg 9Be. Dissolution was accomplished by combining 5 mL/g 
sample + 15% hydrofluoric acid and 0.3 mL/g sample nitric acid in Teflon beakers (Kohl and 
Nishiizumi, 1992). SiO2 fumes off when beakers are placed on the hot plates. When this step is 
completed, samples were transferred to platinum crucibles on hotplates (330°C) and underwent 
one 10 mL and two subsequent 5 mL fuming of sulfuric acid. By adding the sulfuric acid 
fluoride ions are fumed off the samples (W&M Cosmogenic Lab Manual).
Column separation occurs next, where samples are run through an anion column first and 
then a cation column. Running samples through anion columns eliminates other cations such as 
boron and iron. Samples were loaded into the columns and 34 mL of 9N hydrochloric acid was 
run through and collected in a 60 mL bottle. When the acid was done dripping a 125 mL bottle 
was placed under the columns and 80 mL of 0.1N hydrochloric acid was added. This second 
bottle collected the sample “waste”. To transfer the samples to cation columns they were dried 
down on hotplates and then brought up in 1 mL of 6N HCl. The addition of 5 mL of milliQ water 
brought down the solution to 1N HCl. The presence of titanium can be determined by adding one 
drop of H2O2 to the sample. If samples turned orange titanium was present. Next, samples were 
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transferred into columns with a pipette and 300 mL of 1N HCl was added to run through the 
columns. The cation columns work mainly to separate beryllium and titanium (W&M 
Cosmogenic Lab Manual).  
When this is complete the beryllium hydroxide was precipitated. Samples were brought 
up in 2 mL of 6N HCl and then the solution was neutralized by adding 18-25 drops of 8N 
ammonium hydroxide. Centrifuge samples for roughly 2 minutes to separate out the precipitates. 
These precipitates are in a gel form that needs to be dried down before oxidation. Then samples 
were transferred into quartz crucibles and placed into the hot block to dry down. Once completed 
samples were put into the furnace sample holder and placed in the center of the furnace (W&M 
Cosmogenic Lab Manual). 
After oxidation, samples and binder material are weighed individually and then mixed 
together. At this point the samples will weight between 1 and 3 mg. The mixture is poured into 
the top of a holder and pounded into place with a 1 mm drill blank. Samples are then packed and 
sent to PRIME Lab at Purdue University for AMS analysis. 
Cosmogenic Radionuclides 
Theoretical Background
In order to accept our calculated erosion rates I had to make two very important 
assumptions. First, there is a constant production rate of cosmogenic radionuclides and secondly 
that the bare bedrock outcrops were continually undergoing steady-state erosion (Bierman, 
1994). Very generally, production rates of cosmogenic radionuclides are highest at Earth’s 
surface and decrease with depth:
 (1)
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For isotopes produced by fast neutron spallation, such as 10Be, this equation demonstrates how 
production (Px) decreases rapidly with depth (x) as the incoming cosmic rays are absorbed. 
Production is also dependent on production rate at the surface (P0), the density of the earth 
material (ρ), and the attenuation length (Λ, ~150-170 g cm-1; Bierman, 1994). Attenuation length 
refers to the depth a cosmic ray can penetrate given certain rock characteristics. It is important to 
remember that the atmospheric depth, and thus surface material depth, penetrated by cosmogenic 
radionuclides is thickest for those entering horizontally and thinnest vertically. Most cosmic rays 
will not enter the atmosphere vertically meaning that attenuation depth is normally shorter than 
the true value for particle attenuation length (Gosse and Phillips, 2001). Once this basic idea is 
considered it becomes necessary to acknowledge that production rate is also a function of 
latitude and altitude; production rates increase when these variables are increased (Gosse and 
Phillips, 2001). These particular variables need to be corrected for during calculation of erosion 
rates by integrating them into the equation. A simplified version of the erosion rate equation is:
      (2)
Where N represents the measured isotope abundance, B is the geologic background which has to 
do with isotope inheritance, ε is erosion rate and λ is the decay constant (Bierman, 1994). To 
obtain erosion rate solve for ε:
             (3)
There are inherent errors in the production and erosion rate equations such as the flux of 
incoming solar radiation fluctuates based on many factors related to the Earth’s magnetic field 
and galactic cosmic ray flux (Bierman, 1994; Gosse and Phillips, 2001). For instance, variations 
in the intensity of primary cosmic radiation, changes in the interplanetary magnetic field and 
solar modulation of the galactic cosmic radiation, changes in the geomagnetic field effect on 
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galactic cosmic radiation and secondary radiation due to variations in dipole intensity and dipole 
axis position. Other factors playing a role in cosmic ray flux include variations in atmospheric 
shielding and the variations in topographic highs over time. The geomagnetic field has a latitude-
dependent influence on cosmogenic production rates, with a spike in rates occurring between 
25°-30° North and South latitude (Gosse and Phillips, 2001). These secular variations in the 
Earth’s magnetic field are thought to contribute less than 10% error (Lal, 1991). In addition, it is 
believed that production rate variability may have to due with changes in the thickness of Earth’s 
atmosphere over time due to climactic changes (Gosse and Phillips, 2001).
Calculating Erosion Rates
For this study isotope concentration measurements were made using an accelerator mass 
spectrometer at PRIME lab of Purdue University. The measurement obtained is the ratio of 9Be 
to 10Be. It is possible to determine the value of 10Be because a known spike of 9Be has been added 
to the sample early in sample processing. Since both the ratio and the value of 9Be are known the 
value of 10Be can be calculated. Taking the mass of 9Be carrier added (mc) and the concentration 
of the 9Be carrier in ppm (C) the 9Be mass added to the sample (m9Be) can be calculated in grams:
       (4)
Then convert that value to moles of 9Be added to the sample (Nmoles) by dividing 9Be mass by 
atomic weight, 9.01218 g/mol. The number of atoms of 9Be added to the sample (Natoms) is found 
by multiplying Nmoles by Avogadro’s number, 6.0221367 x 1023mol-1.  In order to find the number 
of atoms of 9Be per gram of sample (Agram) divide Natoms by the sample weight. To get the desired 
product of atoms of 10Be per gram of sample take Agram and multiply by the 10Be/9Be ratio from 
AMS. 
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Erosion rates were calculated using the CRONUS Earth online calculator (available at 
http://hess.ess.washington.edu; Balco et al., 2008). This program facilitates the calculation of 
shielding correction values from horizontal blockage measurements as well. In order to calculate 
erosion rates several variables must be known. They include: latitude and longitude (decimal 
degrees), elevation (m), elevation/ pressure flag, sample thickness (cm), sample density (g/cm2), 
shielding correction, concentration of 10Be (atoms/g), and the concentration error measurement 
(atoms/g) (Table 1). The elevation/ pressure flag variable specifies how to treat the elevation/ 
pressure variable. There are only three choices for this three letter code; “std” means elevation 
values have been entered in meters and standard atmosphere is applicable to your sampling site, 
“ant” is used if samples were collected in Antarctica and elevations were entered in meters, and 
“pre” means pressure values were entered in hectopascals. All of these variables are integrated 
into the Balco et at. (2008) erosion rate equation:
            (5)
Here N is the measured nuclide concentration in the sample, Sthick is the non-dimensional 
thickness correction, SG is a non-dimensional geometric shielding correction, Pref,sp,Xx is the
reference production rate due to spallation for scaling scheme Xx (atoms-1 g-1 yr-1), SXx is the 
scaling factor for scaling scheme Xx, which may or may not vary over time depending on the 
scaling scheme, λ is the decay constant for the nuclide being used (yr-1), ε is an independently 
determined erosion rate (g cm-2 yr-1), Λsp is the effective attenuation length for spallogenic 
production (g cm-2), Pμ is the surface production rate due to muons (atoms-1 g-1 yr-1), z is the 
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Table 1. Data entered into the CRONUS Earth online calculator (Balco et al., 2008) to calculate erosion rates.
1
Sample name Latitude Longitude Elevation Elv/pressure Thickness Density Shielding [Be-10] +/- Be-10 [Al-26] +/- Al-26
 (DD) (DD) (m) flag (cm) (g cm-2) correction atoms g-1 atoms g-1 Standardization atoms g-1 atoms g-1 Standardization
071408-01 38.7393 -78.3385 768.8215 std 9.0 2.70 0.999743 2.81E+05 4.3E+04 KNSTD 0 0 0
071408-02 38.7393 -78.3385 768.8215 std 5.0 2.70 0.999743 1.62E+05 3.1E+04 KNSTD 0 0 0
071508-01 38.7600 -78.2743 1058.7607 std 3.0 2.90 1.000000 1.19E+06 2.6E+04 KNSTD 0 0 0
071508-02 38.7601 -78.2803 1045.4386 std 2.0 2.90 0.742367 4.54E+05 1.4E+04 KNSTD 0 0 0
071508-03 38.6500 -78.3179 1040.5723 std 2.0 2.90 1.000000 1.23E+06 3.2E+04 KNSTD 0 0 0
071508-04 38.6498 -78.3179 1038.4503 std 3.5 2.90 0.999933 1.45E+06 2.6E+04 KNSTD 0 0 0
071508-07 38.6484 -78.3177 1035.3339 std 3.0 2.90 0.999982 1.51E+06 3.2E+04 KNSTD 0 0 0
071508-08 38.6484 -78.3177 1035.3339 std 7.5 2.90 0.940129 9.49E+05 1.8E+04 KNSTD 0 0 0
071508-09 38.6275 -78.3306 1128.0144 std 6.0 2.90 0.994400 1.38E+06 2.6E+04 KNSTD 0 0 0
071508-10 38.6262 -78.3306 1113.5295 std 1.0 2.90 0.999992 2.15E+06 3.5E+04 KNSTD 0 0 0
071508-11 38.6256 -78.3315 1094.6108 std 1.5 2.90 0.998627 1.52E+06 3.1E+04 KNSTD 0 0 0
SH-01 38.1256 -78.8009 902.2667 std 7.0 2.70 1.000000 2.19E+06 3.5E+04 KNSTD 0 0 0
SH-02 38.1256 -78.8010 899.8901 std 5.0 2.70 0.997995 2.01E+06 3.0E+04 KNSTD 0 0 0
SH-06 38.2997 -78.6722 854.9222 std 4.5 2.70 1.000000 7.69E+05 1.6E+04 KNSTD 0 0 0
SH-07 38.2996 -78.6722 850.9540 std 3.0 2.70 0.998398 1.25E+06 2.0E+04 KNSTD 0 0 0
SH-08 38.2994 -78.6724 845.9045 std 3.0 2.70 0.999975 1.35E+06 2.3E+04 KNSTD 0 0 0
SH-09 38.6277 -78.3303 945.3221 std 4.0 2.70 0.998818 4.23E+05 2.1E+04 KNSTD 0 0 0
SH-10 38.6264 -78.3303 946.7878 std 3.5 2.70 0.996183 3.11E+05 1.6E+04 KNSTD 0 0 0
SH-12 38.2200 -78.7403 944.8503 std 3.5 2.70 0.993747 5.18E+05 2.7E+04 KNSTD 0 0 0
SH-13 38.1852 -78.7714 799.2562 std 2.5 2.70 0.966381 9.77E+05 2.2E+04 KNSTD 0 0 0
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sample thickness (g cm-2), and Λμ is an effective attenuation length for production by muons (g 
cm-2) (Balco et al., 2008). 
This equation is much more complex and involved than the more traditional equation (2) 
used in existing literature. Balco et al. (2008) have incorporated more variables in order to be 
more precise in their measurements. One of the big differences between the Balco et al. (2008) 
erosion rate equation and the simpler equation is that one does not assume that the depth 
dependence of nuclide production is that of spallation only. Instead it recognizes that production 
by muons decreases less rapidly with depth than spallation (Balco et al., 2008). Muonic 
production rates of cosmogenic radionuclides decrease with depth more slowly than with 
spallogenic production because they are less reactive. Balco et al. (2008) conclude that muonic 
cosmogenic radionuclides were abundant enough at depths of +300 m to include them in their 
equation. Erosion rate calculations are based on a constant production rate model as well as 
results for the time-varying production models by Desilets et al. (2003, 2006), Dunai (2001), 
Lifton et al. (2005), and time dependent Lal(1991)/Stone(2000). Erosion rate values calculated 
using these different time-varying production models yield results within 4.7-6.5% of one 
another. The percent difference between the constant production rates values used in the study 
and the time-varying production models range from 0.09-6.5%, again yielding results that are of 
the same order of magnitude so that differences are negligible. 
Results
Erosion Rates
The mean erosion rate from all of the sampled bare bedrock surfaces was 9.72 ± 1.2 m/ 
My (Fig 6, Table 2). Erosion rate values ranged from 2.46 ± 0.23 to 41.00 ± 8.84 m/My. Sample 
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Figure 6. 10Be erosion rates from Shenandoah National Park summits and pseudo-summits. Location data for each sample is shown in 
Table 5. Error bars show erosion rate errors as reported by CRONUS Earth Online Calculator. The average erosion rate is 9.72 ± 1.2 
m/My. 
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Sample Name Sample Mass 9Be [9Be] in Error 10Be/9Be Error
Atoms 
10Be Error Erosion Error
Production 
rate
Production 
rate
 
weight 
(g)
carrier 
added
carrier 
(ppm)  
from 
AMS  
per g 
sample  
rate (m/
My)  
spallation 
(atoms/g/y)
muons 
(atoms/g/y)
BL-1 - 0.5688 1000 3 12.79 1.16 - - - - - -
BL-2 - 0.498 1000 3 13.89 1.58 - - - - - -
BL-3 - 0.5197 1000 3 12.23 1.09 - - - - - -
SH-071408-01
26.724
4 0.4905 1000 3 229 35.21 2.81E+05 4.3E+04 22.21 3.97 7.82 0.228
SH-071408-02
28.826
4 0.502 1000 3 138.9 26.25 1.62E+05 3.1E+04 41.00 8.84 7.82 0.229
SH-071508-01
12.626
2 0.5268 1000 3 425.6 9.08 1.19E+06 2.6E+04 5.51 0.47 9.85 0.253
SH-071508-02 8.6861 0.2497 1000 3 236.2 7.37 4.54E+05 1.4E+04 12.23 0.98 7.24 0.253
SH-071508-03 14.636 0.683 1000 3 395.5 10.12 1.23E+06 3.2E+04 5.27 0.46 9.69 0.252
SH-071508-04 16.089 0.6099 1000 3 570.6 10.31 1.45E+06 2.6E+04 4.31 0.37 9.67 0.251
SH-071508-07
16.457
7 0.4604 1000 3 805.9 16.99 1.51E+06 3.2E+04 4.13 0.36 9.65 0.251
SH-071508-08
14.626
3 0.5007 1000 3 415 7.63 9.49E+05 1.8E+04 6.31 0.52 9.07 0.249
SH-071508-09
15.216
8 0.6201 1000 3 506.4 9.59 1.38E+06 2.6E+04 4.76 0.41 10.31 0.257
SH-071508-10 15.25 0.5006 1000 3 979.5 15.71 2.15E+06 3.5E+04 2.98 0.27 10.25 0.259
SH-071508-11
19.303
5 0.5853 1000 3 749.2 15.25 1.52E+06 3.1E+04 4.34 0.38 10.09 0.257
SH-01
20.970
6 0.5026 1000 3 1367 21.69 2.19E+06 3.5E+04 2.46 0.23 8.59 0.239
SH-02
25.512
3 0.5033 1000 3 1525 21.91 2.01E+06 3.0E+04 2.77 0.25 8.55 0.239
SH-06
20.378
2 0.5025 1000 3 466.9 9.8 7.69E+05 1.6E+04 8.07 0.66 8.30 0.236
SH-07
21.205
2 0.5025 1000 3 787.4 12.7 1.25E+06 2.0E+04 4.71 0.40 8.26 0.236
SH-08
27.081
1 0.4835 1000 3 1131 18.61 1.35E+06 2.3E+04 4.30 0.37 8.24 0.236
SH-09
28.700
5 0.5027 1000 3 361.1 18.11 4.23E+05 2.1E+04 16.72 1.51 8.98 0.243
SH-10
30.158
7 0.5035 1000 3 278.5 14.44 3.11E+05 1.6E+04 23.29 2.10 8.96 0.244
SH-12
32.393
4 0.5175 1000 3 485 25.37 5.18E+05 2.7E+04 13.31 1.24 8.84 0.243
SH-13
22.193
4 0.5239 1000 3 619.2 14.06 9.77E+05 2.2E+04 5.81 0.49 7.66 0.232
Table 2. Cosmogenic radionuclide data collected in order to calculate erosion rates from CRONUS Earth Online Calculator.
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sites varied widely, from summits experiencing episodic erosion through large and small scale 
chipping events where blocks of rock detached from the outcrop to sites that were located on 
pseudo summits rather than the actual summit of the mountain. A pseudo summit is a secondary 
peak on a mountain. It resembles a summit, but is not the tallest peak and is separated by a 
saddle, or dip in topography, from the actual summit. These locations were chosen when no 
significant rock outcrop existed on the true summits.  
Although cosmogenically produced erosion rates are meant to represent average values 
for the tested surfaces, in this study the calculated erosion rates are considered to be maximum 
values. Sampling sites were chosen assuming that the bare bedrock outcrops had been exposed 
for long periods of time. However, if for some reason we are incorrect about the length of time 
an outcrop has been exposed the rates obtained can be shown to represent maximum values. 
Perhaps a surface was recently cleared by forest fire or by anthropogenic means; its recent 
exposure would mean that there is a much smaller concentration of 10Be than would normally be 
present if the rock had been exposed for a long period of time. The smaller concentration of 10Be 
would provide a relatively fast erosion rate. Thus, we assume that our rates represent maximum 
erosion rates for our sampling surfaces.  
Looking at the erosion rates separated by lithology a pattern appears (Fig 7). Separating 
erosion rate values into averages for each rock type gives 23.3± 3.53 m/My for the Harpers 
Formation, 5.5± 0.47 m/My for the granitic basement complex and 4.7± 0.40 m/My for the 
Antietam Formation. It can be noted that the more quickly eroding surfaces came from the 
Harpers Formation, especially those samples collected on Knob Mountain. The more persistent 
summits with the lowest average erosion rate were located on the metasandstones of the 
Antietam Formation. Elevation was thought to be an important variable because higher 
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Figure 7. 10Be erosion rates from Shenandoah National Park, divided according to rock type. Specific information about sample 
variable values can be found in Table 2. 
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elevations are more exposed to precipitation and colder temperatures, thus more heavily 
influenced by erosion. From the graph a slight negative correlation exists between elevation and 
erosion rate (Fig. 8). It is important to note that these bedrock erosion rates are well within the 
limits of erosion rates determined in other studies of similar environments.
Episodic Erosion
Very seldom do natural landscapes experience steady-state erosion. Instead, most erosion 
occurs episodically by mass wasting, diffusional processes or chipping events. Small et al. 
(1997) developed a computer model to test the applicability of modern analytical cosmogenic 
radionuclide techniques to sites experiencing episodic erosion and determined how to constrain 
the magnitude of error in erosion rates calculated at those sites. Their investigation provides a 
way to interpret results from other studies focusing on erosion rates. They began by producing a 
model that mirrored the major erosional process on the peaks tested in the Western United States, 
including the Beartooth, Wind River, Front and Sierra Nevada ranges. In their model erosion 
rates are dependent on the time since the last chipping event. Immediately after a block falls 
away the measured apparent erosion rate increases to above average and just before an event 
occurs the erosion rate value is below average. Before a chipping event the concentration of 10Be 
is high because it has had time to build up. After the erosional event the block with the high 
concentration has been removed, exposing a new surface containing very little 10Be. 
From the model Small et al. (1997) were able to estimate the potential error in erosion 
rates that assume steady state by considering the role of episodic erosion in the removal of blocks 
of a given thickness (Fig. 9). In a range typical of samples collected in this study average 
chipping lengths larger than 0.3 m might produce errors reaching significant levels, between
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Figure 8. Average erosion rates plotted again their elevations. A linear trendline is added to emphasize the negative relationship 
between the two variables. An R2 value of 0.2304 indicates that the relationship is a weak one at best. 
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Figure 9. Plot showing locations of Shenandoah samples and their variability assuming steady-
state erosion. Larger chipping lengths produce a larger margin of error, as well as fast erosion 
rates. Green dots refer to the Granitic Basement Complex, yellow to the Antietam Formation and 
purple to the Harpers Formation. Data recorded in Table 3. Graph constructed by Small et al. 
(1997) using chipping length model results. Plot modified from Small et al., 1997.  
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20% and 50% variability. Variability represents the 1σ standard deviation of erosion rates (Small 
et al., 1997). The combination of erosion rate and chipping length determine the overall 
variability in erosions rates. Situations where erosion rates are very low, < 1 m/My, and chipping 
lengths are high, >0.1 m, result in the most variability. Yet it is important to note that erosion rate 
values have a smaller influence on variability than chipping length does, as evidenced by the 
near verticality of the graph contour lines. After ~5 m/My the magnitude of erosion rates does 
not matter much at all. However, assuming steady state erosion when sampling locations are 
actually experiencing episodic erosion is still a good approximation of the overall average 
erosion experienced by the surface. 
Some of the sample sites in this study had many different sized blocks littering the 
landscape (Appendix B). Thus for these samples it was necessary to use Small et al.’s graph of 
the relationship between erosion rate and chipping length to determine if there are any significant 
errors based on the average chipping lengths at each sampling site (Fig. 9, Table 3). Error bars 
for erosion rate values were not necessary because the orientation of the variability curves is near 
vertical. Sample sites that had the largest variability values, such as the Antietam samples, also 
had the highest average values for chipping lengths (Table 3). For instance, SH-01 and SH-02 
have erosion rates between 2.46 ± 0.23 and 2.77 ± 0.25 m/My, with chipping lengths ~0.25 m. 
Owing to this relatively large average chipping length the variability in erosion rates is around 
16%. However, in the case of these samples, they represent the lowest erosion rates calculated 
out of all of the sites. Thus, adding or subtracting percent errors from erosion rate values still 
yield rates that are close to the original. Taking 16% of 2.46 ± 0.23 m/My only results in a 
change of 0.3936 m/My. For the samples with higher erosion rates on the Harpers Formation, 
chipping length averages were so low that there was little variability in erosion rates due to 
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Sample Name     Chipping length (m) Erosion rate Erosion rate Percent Rock
 Average Std. Dev. (m/My) Error Variability Type
SH-071408-01 0.104 0.064 22.21 3.97 5.0% Harpers
SH-071408-02 0.104 0.064 41.00 8.84 5.0% Harpers
SH-071508-01 0.110 0.127 5.51 0.47 5.5% GBC
SH-071508-02 0.203 0.143 12.23 0.98 10.0% GBC
SH-071508-03 0.020 0.020 5.27 0.46 1.2% GBC
SH-071508-04 0.020 0.020 4.31 0.37 1.2% GBC
SH-01 0.245 0.220 2.46 0.23 16.0% Antietam
SH-02 0.245 0.220 2.77 0.25 16.0% Antietam
SH-07 0.085 0.059 4.71 0.40 4.8% Antietam
SH-08 0.219 0.150 4.30 0.37 13.0% Antietam
SH-12 0.154 0.079 13.31 1.24 7.5% Harpers
SH-13 0.243 0.230 5.81 0.49 15.0% Antietam
Table 3. Data for samples where chipping lengths were measured. Percent variability obtained 
from figure 9. GBC refers to the Granitic Basement Complex.
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chipping lengths. Based on this, we can determine that our erosion rates obtained from the 
assumption of steady state are reasonable because variability did not change any of the erosion 
rates by orders of magnitude.
 Small et al. (1997) found that the best way to correct for this variability is to ensure 
multiple samples are taken from each location so that a representative erosion rate of the area can 
be calculated. They affirm that “the difference between the mean of many steady-state erosion 
rates and the actual erosion rate is <1% for most combinations of mean erosion rate and chip 
depth”.
Slope and Curvature
ArcGIS sample curvature and slope values revealed additional information about 
relationships between landscape variables (Table 4). When plotted most of the erosion rates 
hover between 5 and 10 m/My along the x-axis and both the slope and curvature values plot up 
and down the y-axis. Slope was considered because it was assumed that higher slopes would 
undergo more rapid episodic erosion. However, on the slope graph there is only a small 
correlation between low slope values, <5°, and higher erosion rates (Fig. 10A). The Harpers 
Formation is the rock type with the large erosion rates and low slope values. All Antietam 
samples plot within 20° perhaps indicating a consistent slope value range for this rock type. The 
granitic basement complex plots both at the very high and very low slope values.
A similar relationship exists for moderate curvature values and higher erosion rates. 
Curvature was though to be an important variable because it was assumed areas with high 
curvature would experience more rapid erosion. The data shows that at higher erosion rates 
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Sample Name Slope Values Curvature Values
SH-071408-01 4.192 1.147
SH-071408-02 4.192 1.147
SH-071508-01 6.266 0.574
SH-071508-02 2.931 0.803
SH-071508-03 36.846 0.000
SH-071508-04 10.421 0.230
SH-071508-07 34.844 0.115
SH-071508-08 34.844 0.115
SH-071508-09 32.003 -0.229
SH-071508-10 4.986 0.344
SH-071508-11 11.422 0.230
SH-01 14.371 3.672
SH-02 24.507 2.754
SH-03 25.678 0.000
SH-04 26.486 -0.230
SH-05 33.432 0.000
SH-06 8.900 2.524
SH-07 16.576 2.868
SH-08 21.329 1.836
SH-09 0.993 0.918
SH-10 4.028 1.033
SH-12 21.606 1.033
SH-13 14.140 -0.229
SH-25 12.487 0.803
SH-26 7.039 0.000
SH-28 25.478 0.344
SH-29 6.545 -0.459
Table 4. Slope and curvature values for every sample collected in Shenandoah National Park.
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Figure 10. Evaluation of the relationship between slope, curvature, erosion rates and rock types. 
A) Plot of slope versus erosion rate. B) Plot of curvature values versus erosion rate. 
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curvature values converge on an average value of roughly 1.2 (Fig. 10B). Curvature values are 
greatest for the Antietam Formation, which makes sense since it has the lowest erosion rates. 
Lower erosion rates indicate more stable landscape features, which typically have surfaces that 
are more curved, such as a mountain range. It is interesting that the granitic basement complex 
plots at very low curvature values, meaning that those surfaces are flatter than others sampled.
Rock type was also compared against the values of slope and curvature to determine if it 
had any effect on erosion rates. Most of the higher slope values occur on granitic basement 
rocks. However, there are some granitic basement sample locations with very low slope values 
and other samples on intermediate slope surfaces as well. The Harpers Formation, which is the 
softest rock types collected, has slope values that reach up to a value of 21.06 and can be as low 
as 0.99. The Antietam Formation, composed mainly of a metasandstone, does not have 
particularly high or low slope values to help indicate any type of relationship (Table 4). The 
same can be said of curvature. For the values obtained from samples from Marys’ Rock, 
curvature values range from SH-071508-03’s 0.00 to 0.115. As with slope, the random 
distribution of curvature values indicates a weak but present dependence among these variables 
and rock type.
Discussion
Relief Change
Erosion rates from all bedrock samples collected in the Blue Ridge fell between 2.46± 
0.23 and 41.00± 8.84 m/My. The mean erosion for the samples is 9.72 ± 1.2 m/My. Looking at 
the average erosion rates for each rock type shows that the Harpers Formation is eroding at 23.3± 
3.53 m/My, while the granitic basement complex and Antietam Formation are eroding more 
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slowly at 5.5± 0.47 m/My and 4.7± 0.40 m/My respectively. Since the Harpers Formation 
consists mainly of a softer rock type, poorly cemented sandstone and siltstone, it is more likely to 
be effected by erosion than the other tested rock types. 
Erosion rates from this study are slightly faster than other bedrock erosion rates collected 
from the Appalachians and similar environments, such as 7.6±3.9 m/My (Small et al., 1997), 5.7 
± 0.8 m/My (Duxbury et al., unpublished), 5.65±2.5 m/My (Hancock and Kirwan, 2007) and 
several others. The rates from this study are still at least an order of magnitude lower than long 
term fluvial erosion rates determined for areas adjacent to the Virginia Blue Ridge. Studies from 
Reusser et al. (2004, 2006) and Springer et al. (1997) determined lowland fluvial erosion rates 
ranging from  27.3 ± 4.5 m/My to ~600-800 m/My. Many more studies have been conducted that 
support these calculated fluvial rate values (Granger et al., 1997; Springer et al., 1997; Pazzaglia 
et al., 1998; Mills, 2000; Granger et al., 2001; Matmon et al., 2003a; Matmon et al., 2003b; 
Duxbury et al., unpublished). 
The summit erosion rate data, when compared with calculated bedrock erosion rates, 
indicate increasing relief. This conclusion is supported by studies from other adjacent 
physiographic provinces that found increasing relief in their study areas. In Kentucky, Granger et 
al. (2001) document the Green River on the Appalachian Plateau to be eroding ~30 m/My while 
its adjacent topographic highs erode at ~2 m/My. Slower ridgetop erosion rates, ~20 m/My, 
calculated by Pavich (1989) in the Virginia Piedmont prompted Felis et al. (2003) to suggest the 
landscape is in disequilibrium, with increasing relief due to the incision rates of 55 m/My to 125 
m/My on the James River in the central Virginia Piedmont over the last million years. These 
fluvial incision rates were calculated by dating terraces using the cosmogenic radionuclide, 10Be. 
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Most of the fluvial incision rates in the immediate vicinity of the central Appalachians 
had values ranging between ~27 m/My to ~60 m/My. Considering the average bare bedrock 
erosion rate from this study, 9.72± 1.2 m/My, this would result in a relief change rate of roughly 
20 m/My to 50 m/My. Separating out the erosion rates based on rock type tells a slightly 
different story. The average erosion rates from the granitic basement complex and Antietam 
Formation are 5.5± 0.47 m/My and 4.7± 0.40 m/My, resulting in relief change rates of ~22 m/My 
to ~55 m/My. Comparatively the Harpers Formation is eroding at 23.3± 3.53 m/My. This rock 
type produces a relief change rate between ~4 m/My and ~37 m/My. Clearly the granitic 
basement complex and Antietam Formation are showing a marked relief change rate while the 
Harpers Formation might not necessarily be changing in relief by a significant amount, 
depending on the exact fluvial incision rates. Perhaps the Harpers Formation is not experiencing 
the same disequilibrium as the other rock types, but instead just maintaining its relief or the 
Harpers Formation may be experiencing a muted version of disequilibrium because its closer to 
reaching a steady state with the rest of the landscape. Or if fluvial incision rates continue to 
increase as predicted by Pazzaglia et al. (1998) and Mills (2000) rates of relief change will 
continue to grow for the Harpers Formation, such that the difference between bedrock and fluvial 
rates becomes large enough to produce significant topographic relief. This difference in relief 
change rates is the direct result of the rock hardness for each of the tested lithologies.  
Variation in erosion rate values from this study can mainly be attributed to rock type, 
suggesting that lithology is a significant control on large scale geomorphology in the 
Shenandoah region of the central Appalachians. This result contradicts those from other studies 
that found erosion rate to be independent of  lithology (Matmon et al., 2003a; Matmon et al., 
2003b; Duxbury et al., unpublished). Samples collected from the Harpers Formation had the 
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highest erosion rates in the study by one order of magnitude. Those samples collected on the 
hardest rock type, the Antietam Formation, generally had the lowest erosion rates. In fact, SH-01 
and SH-02 had the lowest erosion rates out of all of the samples in the study, 2.46 ± 0.23 m/My 
and 2.77 ± 0.25 m/My. Dividing up and calculating the average erosion rate based on rock types 
is revealing, showing how much greater erosion rates are for the Harpers Formation than either 
the granitic basement complex or Antietam Formation. 
Chipping length did not play a significant role in the determination of erosion rates 
because none of the lengths were large enough to cause an exceptionally high variability in 
erosion rate. Samples of the Antietam Formation had the highest variability in their erosion rates 
resulting from the variety of chipping lengths. The average chipping length for SH-01 and SH-02 
was 0.245 m with a standard deviation of 0.220 m (Table 3). Adding an error bar for those data 
points would still have resulted in erosion rate errors less than 20%. In the case of SH-01 and 
SH-02, an error of 20% would not only add ~0.5 m/My to the erosion rate values. Thus, even if 
error as a result of chipping length had been taken into account the change in sample erosion 
rates would still not be significant enough to reinterpret those calculated values. Though there 
was no observable error in chipping length, these episodic events might cause small insignificant 
variations in 10Be concentrations, potentially resulting in the variance of time since the last 
erosion event occurred (Lal, 1991; Small et al., 1997).
Location and Position of Sampling Sites
An effort was made to collect samples from the actual summits of mountains in the 
Virginia Blue Ridge. However, in some cases this was not possible because bare bedrock did not 
outcrop on all of the main summits. Thus some samples were collected on pseudo summits or 
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just below summits where bare bedrock outcrops were present on the side of a summit 
(Appendix A). A pseudo summit is simply a secondary peak on a mountain that resembles the 
summit, but is instead separated from the actual summit by a saddle, or dip in topography.
Pictures of sampling sites were evaluated to see if any relationships could be 
distinguished. First, the height of each sample outcrop was evaluated to see if it correlated to 
erosion rate values. Some of the outcrops were only a meter or so above the ground, such as 
those collected from Knob Mountain, Hogback and the Pinnacle (Appendix A: Fig. 12-15, 21-
23). Others, like Marys Rock, Rocky Mount and Blackrock, stand out very prominently from the 
landscape (Appendix A: Fig. 16-20, 29-39). Both low lying and higher outcrops have fast and 
slow erosion rates. The Antietam Formation was the only rock type that did not have any low 
lying outcrops, meaning that for the most part the actual height of the outcrop was more than a 
few meters above the soil surface. SH-10 and SH-071408-01 have very similar erosion rates of 
22.21± 3.97 m/My and 23.29± 2.10 m/My. Both samples are from the Harpers Formation, but 
SH-10 is a very high outcrop at Blackrock while SH-071408-01 is a low lying sample site on 
Knob Mountain. Having all other variables the same, except the elevation of the outcrop allows 
us to state that there does not seem to be any effect of outcrop elevation on erosion rates. 
The actual sizes of the outcrops were determined from pictures and labeled as either 
small or large. Both Hogback Mountain and Knob Mountain had relatively small bedrock 
outcrops in comparison to sites like Blackrock and Marys Rock. Overall there does not appear to 
be any correlation between the outcrop size and the erosion rates. SH-071408-01 and SH-
071408-02 were both collected from Knob Mountain, a small outcrop, and they have very large 
erosion rates of 22.21± 3.97 and 41.00± 8.84 m/My. Samples collected from a similarly sized 
outcrop on Hogback Mountain had rates of both 5.51± 0.47 m/My and 12.23± 0.98 m/My. Large 
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outcrops had erosion rates ranging from the lowest value of 2.46± 0.23 m/My on Turk Mountain 
to 23.29± 2.10 m/My on Blackrock. Such a range between erosion rate values for different 
outcrop sizes indicates that there is no correlation exists between these two variables.
Visual comparison of sample sites reveals no strong relationships between position of 
outcrop and erosion rate or position of outcrop and rock type. Samples collected from side slope 
outcrops just below summits all had erosion rates within roughly ±2 m/My. However, the erosion 
rates for samples collected from higher outcrops of the granitic basement complex were very 
similar to erosion values for samples collected on side slopes. There was no consistent type of 
outcrop related to a specific rock type. There were high, low and side slope outcrop samples for 
both the granitic basement complex and the Harpers Formation. Erosion rate values appear to be 
independent of the outcrop location, whether sampling sites were located on ridges or on the side 
slopes of the mountains did not matter. 
The Harpers Formation has the highest erosion rates overall, but the rates do not correlate 
to the type of outcrop. For instance, the second fastest erosion rate, ~23.29 m/My from SH-10, 
came from a higher elevation outcrop, while the almost identical erosion rate of SH-071408-01, 
~22.21 m/My, occurred on a low-lying outcrop. It is also important to note that these two sites 
had different dominant erosional processes. SH-071408-01 was from Knob Mountain and 
experienced small scale chipping events while SH-10 was largely controlled by larger episodic 
chipping events (Appendix A: Fig. 12 and 35). 
Heimsath et al. (2000) created a model showing tor emergence from the soil cover. As 
the tor or bare bedrock surface emerged from the soil its erosion rate decreased with increasing 
height above the soil surface. While the tors were experiencing varying erosion rates the soil 
production rate remained relatively constant throughout the process. However, the field evidence 
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from Shenandoah National Park does not necessarily show similar processes to those active in 
Australia. SH-071508-07 was sampled on top of a broad rib while SH-071508-08 was sampled 
on the sloping surface just below (Appendix A: Fig. 20). The difference in erosion rate is very 
small; SH-071508-07 eroded at 4.71± 0.40 m/My while SH-071508-08 had an erosion rate of 
4.3± 0.37 m/My, meaning that the sample on the lower sloping surface was eroding less slowly. 
Samples SH-071508-09, SH-071508-10, and SH-071508-11 were all collected from the 
granitic basement complex on the Pinnacle. SH-071508-09 was collected from the highest 
elevation, ~1128 m, SH-071508-10 at a slightly lower elevation, ~1114 m, and SH-071508-11 
from the lowest elevation, ~1095 m. Samples were collected in this manner to test whether or not 
slight changes in outcrop elevation have an effect on bare bedrock erosion rates. In the case of 
the tested peaks in Shenandoah National Park elevation appears to have no effect. SH-071508-09 
and SH-071508-11 have erosion rates around 4.76± 0.41 and 4.34± 0.38 m/My respectively, 
while SH-071508-10 has an erosion rate of 2.98± 0.27 m/My. Very generally it can be said that 
there is a weak trend toward decreasing erosion rates further down slope at this particular 
outcrop. 
Samples collected in the Blue Ridge indicate that erosion rates remain relatively constant 
over entire outcrops, as opposed to what Heimsath (2000) found in Australia. Perhaps the soil 
erosion rates are faster in the temperate environment of the central Appalachians than in the 
more arid Australian environment. Comparatively more rainfall would aid in removing soil from 
the bedrock outcrops. The overall weak relationship between elevation and erosion rate might 
also indicate that erosion rates are independent of the overall elevation of a sample site. The 
consistent lack of any relationship between erosion rate and all of the different measured 
landscape variables, outcrop height, size, position and sample location on the outcrop, suggests 
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that erosion rates are not sensitive to the chosen sample location. Instead our calculated erosion 
rates are representative of a much larger area.
Time Scales
It is very important to keep the time scale of erosion rate studies in mind when comparing 
their results. Mills (2000) calculated stream incision rates from 16 terrace and cave sediment 
studies. From his findings he was able to conclude that either fluvial incision rates in the eastern 
United States have increased during the last several million years or that incision rates measured 
over longer periods of time may inherently be lower than those measured over shorter time 
scales. Not all erosion is achieved through steady state processes. Oftentimes mass wasting or 
other episodic events are occurring at very low frequencies. If a researcher looks at erosion rates 
over very long time periods the effect of those episodic events is damped. Evaluating erosion 
rates on a shorter scale would strengthen the effect of each event. 
The Appalachian Mountain chain is a very long standing feature, produced first by the 
Taconic Orogeny during the Ordovician Period around 440 million years ago. Since it is such an 
old mountain chain it is likely that, as a whole and over the long term, it is experiencing a 
decrease in relief, despite isostatic rebound resulting from unroofing. Another situation owing to 
its old age could have the Appalachian Mountains in a state of dynamic equilibrium when 
considering it on time scales larger than 105 to 106 years (Matmon et al., 2003b). In this case the 
mountain chain’s erosion rates change depending on fluctuations, such as in climate and base 
level, working to keep the relief relatively constant (Fig. 11). For both of these cases the 
elevation curve would not be a smooth line. Instead it would have more of a random sawtooth 
pattern resulting from short term perturbations as the line makes a general downward trend or 
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Figure 11. Shows two hypothetical situations that the Appalachian Mountain chain could be 
experiencing. A) The relief is steadily decreasing over time or B) the relief has achieved dynamic 
equilibrium and is just oscillating around a stable value. The blue boxes show how time scale is 
important. If only what is contained within the blue box is considered then one would conclude 
that relief is increasing. However in both situations that is not the case. By determining erosion 
rates on such small scales most of the data about the landscape is ignored, making any 
conclusion unreliable.  
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stays horizontal, depending on the situation. 
It is possible that the erosion rates obtained from this experiment are looking at a small 
period of the overall evolution of the Appalachian landscape (Fig. 11). Perhaps this study has 
merely described a landscape in the Shenandoah Blue Ridge that represents an evolution towards 
equilibrium, but at the moment shows localized disequilibrium and increased relief due to 
resistant rocks. On the small spatial scale, such as that for a single peak or group of peaks, relief 
is increasing. It could be difficult to place a single study in the context of the overall evolution of 
this mountain chain. However, in this particular case the widespread similarity in erosion rates 
from locations all over the Appalachian Mountains affirms that this observed increase in relief is 
a chain-wide event reflecting ongoing disequilibrium. In addition the calculated erosion rates of 
this study are applicable over time scales of 104-105, which would indicate that increasing relief 
is occurring over longer time periods than the sawtooth perturbations.   
This disequilibrium observed in the central Appalachians could result from two different 
events. One possible cause of the increasing relief is the onset of rapid climate change during the 
late Cenozoic, resulting in accelerated fluvial incision rates (Mills, 2000). Increased 
sedimentation and larger grain sizes that appeared around 2 to 4 My ago during the late Cenozoic 
have been interpreted as evidence for this climate change by Peizhnen et al. (2001) and Molnar 
(2004).
Worldwide increase in sedimentation can be explained through different geomorphic 
processes, not through a single process. In some cases increased sedimentation is the result of 
increased glaciations and in others it occurs when sea-level lowers (Molnar, 2004). As opposed 
to a single change in climate causing the increase in sedimentation it is thought that a change 
from a nearly stable climate to one that changes rapidly is able to maintain a state of 
51
disequilibrium. Erosional processes are never able to reach equilibrium because they are 
constantly adjusting to new conditions due to the frequent climate changes, as dictated by the 
Milankovitch cycles and amplified by ice-covered Earth. Since 3 to 4 My ago climactic 
variations have been increasing in amplitude in periods of 20, 40, and 100 ky, according to the 
marine record of δ18O (Peizhnen et al., 2001; Molnar, 2004). The landscape does not respond to 
the effects of these climactic changes immediately; there is a finite “reaction time” comparable to 
the length of different Milankovitch forcings. Since the time scales are similar the Milankovitch 
forcings might show natural resonances with the erosional responses to the climactic changes 
(Peizhnen et al., 2001).
Another more local possible cause of disequilibrium is the change in the major drainage 
networks of the western Blue Ridge and Valley and Ridge. Prior to the Miocene the rivers 
flowed to the west, but during the early Miocene these major east-flowing Mid-Atlantic Rivers 
breached the Blue Ridge (Naeser et al, 2001, 2004). Fission-track analysis of zircon grains in 
Virginia and Maryland from the Lower Cretaceous through the upper Oligocene Coastal Plain 
sands are greater than 800 My. This suggests that the source terrains for the sands are in the 
Piedmont and eastern Blue Ridge. Zircons with dates older than 800 My, comparable to those 
found in the western Blue Ridge, Valley and Ridge, and Allegheny Plateau, are not found in 
Coastal Plain sediments until the early Miocene. For instance, the Miocene and Pliocene deposits 
in the Coastal Plain of Virginia have abundant Paleozoic chert and other rock types only found to 
the west of the Blue Ridge. These lithologies do not occur in deposits older than the Miocene 
epoch, which matches up with the older zircon ages (Naeser, 2004). This shift in drainage 
patterns from the west to the east resulted in preferential erosion of less resistant rocks in the 
Valley and Ridge and Piedmont, causing topographic relief in the Appalachian Mountains 
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(Pazzaglia and Brandon, 1996). Undergoing these increases and adjustments to changing incision 
rates forced the Appalachian landscape into a state of disequilibrium and resulted in relief 
generation. 
Conclusion
The mean bare bedrock erosion rate from all summits in the Blue Ridge, Virginia is 9.72 
± 1.2 m/My. This rate is slower than the long term fluvial erosion rates reported for the 
surrounding landscape between ~30 and ~800 m/My. This suggests a central Appalachian 
landscape that is in disequilibrium. The lower bedrock summit erosion rates compared with the 
much faster fluvial incision rates indicate increasing topographic relief. Since these measured 
long term erosion rates are very similar to other bare bedrock erosion rates collected from other 
parts of the Appalachians it can be concluded that this increase in relief is not just local, but 
rather a wide scale phenomenon. 
Bare bedrock erosion rates collected for this study in the Virginia Blue Ridge suggest that 
topography is strongly controlled by lithology. This is because rock type was the most strongly 
correlated variable to erosion rate. The Antietam Formation, a relatively pure metasandstone, had 
the lowest erosion rates and the Harpers Formation, which consists of poorly cemented sandstone 
and siltstone, produced the highest rates. No relationship was found to exist between erosion rate 
and curvature, slope, or outcrop location. There is a weak mountain range-sized negative 
relationship between erosion rate and elevation. 
The cause of long term increasing relief in the central Appalachians can be explained by 
two potential events. One is the frequent oscillating climate changes occurring during the late 
Cenozoic era, around 2 to 4 My ago. The constant change in climate forces erosional processes 
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to constantly adjust to new conditions. Another possible explanation is the local change in the 
drainage network of the Blue Ridge. Dating of zircon grains has shown that sediment from the 
western Blue Ridge did not occur in Coastal Plain material until after the Miocene. This data 
indicates that rivers on the western side of the Blue Ridge and Valley and Ridge broke through to 
the east to reach the Atlantic Ocean during the early Miocene. Redirection of rivers eastward 
allowed them to carve into previously untouched less resistant rock and create increased 
topographic relief. Over time the new slopes become steeper such that a positive feedback results 
where these increasing slopes create higher fluvial incision rates. 
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APPENDICES
Appendix A- Field data and pictures of sample locations
Sample Name Latitude Longitude Easting† Northing Elevation (m) Rock type Location
SH-071408-01 38.7393 -78.3385 731326.0 4291216.0 768.821472 Harpers Knob Mt.
SH-071408-02 38.7393 -78.3385 731326.0 4291216.0 768.821472 Harpers Knob Mt.
SH-071508-01* 38.7600 -78.2743 736840.0 4293678.0 1058.760742 GBC Hogback
SH-071508-02 38.7601 -78.2803 736312.0 4293664.0 1045.438599 GBC Hogback
SH-071508-03* 38.6500 -78.3179 733410.7 4281346.4 1040.572266 GBC Mary's Rock
SH-071508-04 38.6498 -78.3179 733408.8 4281331.2 1038.450317 GBC Mary's Rock
SH-071508-05 38.6498 -78.3179 733408.8 4281331.2 1037.95032 GBC Mary's Rock
SH-071508-06 38.6498 -78.3179 733408.8 4281331.2 1036.95032 GBC Mary's Rock
SH-071508-07 38.6484 -78.3177 733431.0 4281178.0 1035.333862 GBC Mary's Rock
SH-071508-08 38.6484 -78.3177 733431.0 4281178.0 1035.333862 GBC Mary's Rock
SH-071508-09 38.6275 -78.3306 732372.8 4278825.8 1128.014404 GBC Pinnacle
SH-071508-10 38.6262 -78.3306 732382.1 4278681.5 1113.529541 GBC Pinnacle
SH-071508-11 38.6256 -78.3315 732304.4 4278607.1 1094.61084 GBC Pinnacle
SH-01 38.1256 -78.8009 692754.2 4222031.6 902.266663 Antietam Turk Mt.
SH-02 38.1256 -78.8010 692751.4 4222036.5 899.890137 Antietam Turk Mt.
SH-03 38.1261 -78.8018 692674.0 4222093.9 848.988403 Antietam Turk Mt.
SH-04 38.1261 -78.8013 692721.3 4222085.3 866.539551 Antietam Turk Mt.
SH-05 38.1258 -78.8011 692738.8 4222057.4 880.69635 Antietam Turk Mt.
SH-06 38.2997 -78.6722 703554.9 4241631.2 854.92218 Antietam Rocky Mt.
SH-07 38.2996 -78.6722 703551.6 4241622.4 850.954041 Antietam Rocky Mt.
SH-08 38.2994 -78.6724 703539.1 4241596.6 845.904541 Antietam Rocky Mt.
SH-09 38.6277 -78.3303 732396.2 4278839.9 945.322144 Harpers Blackrock
SH-10 38.6264 -78.3303 732405.6 4278695.7 946.787842 Harpers Blackrock
SH-11A 38.6257 -78.3312 732327.9 4278621.3 946.100769 Harpers Blackrock
SH-11B 38.6257 -78.3312 732327.9 4278621.3 946.100769 Harpers Blackrock
SH-11C 38.6257 -78.3312 732327.9 4278621.3 946.100769 Harpers Blackrock
SH-12 38.2200 -78.7403 697811.9 4232643.1 944.850342 Harpers Blackrock
SH-13 38.1852 -78.7714 695183.8 4228707.0 799.256165 Antietam Calvary Rocks
SH-25 38.5513 -78.3105 734368.5 4270419.2 961.140381 Old Rag Granite Old Rag Mt.
SH-26 38.5516 -78.3128 734170.6 4270438.1 970.80249 Old Rag Granite Old Rag Mt.
SH-27 38.5517 -78.3155 733937.6 4270446.1 986.018005 Old Rag Granite Old Rag Mt.
SH-28 38.5516 -78.3155 733938.6 4270441.2 985.591797 Old Rag Granite Old Rag Mt.
SH-29 38.5517 -78.3154 733939.7 4270443.2 985.591797 Old Rag Granite Old Rag Mt.
SH-30 38.5519 -78.3151 733965.2 4270467.3 981.432922 Old Rag Granite Old Rag Mt.
SH-31 38.5975 -78.3724 728831.3 4275388.2 1219.246338 Catoctin Stony Man
†in NAD 83 system
*elevation was recorded at a benchmark
Table 5. Sample data collected in the field. GBC is short for Granitic Basement Complex. 
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Sample sites:
Figure 12. SH-071408-01 at Knob Mountain. 
Figure 13. SH-071408-02 collected from ridge of Knob Mountain.
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Figure 14. SH-071508-01 collected from Hogback Mountain.
Figure 15. SH-071508-02 on Hogback Mountain.
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Figure 16. SH-071508-03: Marys Rock
Figure 17. SH-071508-04 from ridgeline at Marys Rock.
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Figure 18. SH-071508-05 and SH-071508-06 at Marys Rock. SH-071508-05 is located by the yellow and 
red inclinometer near the ridgeline and SH-071508-06 was collected from areas below both the chisel and 
sledge hammer. 
Figure 19. SH-071508-07 collected from main rib along Marys Rock. Sample was collected from the area 
beside the yellow and blue chisel. 
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Figure 20. SH-071508-07 is indicated here by the sledge hammer standing up at the top of the Marys 
Rock outcrop and SH-071508-08 is located by the chisel on the left hand side of the photograph. 
Figure 21. SH-071508-09 was taken from a low-lying outcrop on the Pinnacle, indicated by the chisel.
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Figure 22. For this Pinnacle sample, SH-071508-10 was taken from  the end of this outcrop marked by 
the chisel. 
Figure 23. SH-071508-11 taken from the Pinnacle and indicated by the chisel. 
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Figure 24. Sample SH-01 taken from Turk Mountain.
Figure 25. SH-02 taken just off the ridgeline of Turk Mountain.
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Figure 26. Talus pile just off the summit of Turk Mountain. SH-03 was collected from the bottom of the 
talus pile. Sample location indicated by the rock hammer and GPS unit.
Figure 27. SH-04 on Turk Mountain, collected from the middle of the talus pile. Indicated by the rock 
hammer.
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Figure 28. SH-05 collected from the top of the Turk Mountain talus pile.
Figure 29. Up close picture of SH-06 on Rocky Mount. 
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Figure 30. SH-06 on Rocky Mountain. Sample location located by person just visible at the top of the tree 
line in the middle of the photograph.
Figure 31. Up close picture of SH-07 on Rocky Mount. Taken from outcrop just below the ridgeline. 
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Figure 32. Overall view of SH-07 on Rocky Mount outcrop just below ridgeline. 
Figure 33. SH-08 collected from spine extending from the outcrop below the ridgeline on Rocky Mount.
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Figure 34. SH-09 from Blackrock.
Figure 35. SH-10 also collected from rock pile that forms the summit of Blackrock.
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Figure 36. SH-11A is the top “domino”. Figure 37. SH-11B is the middle “domino”. 
Figure 38. SH-11C: Blackrock, bottom domino
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Figure 39. SH-12: Blackrock
Figure 40. Sample SH-13 collected from summit of Calvary Rock.
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Figure 41. SH-25 from summit of Old Rag Mountain.
Figure 42. SH-26 from summit of Old Rag Mountain.
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Figure 43. SH-27 from Old Rag Mountain.
Figure 44. SH-28 collected slightly below SH-27 on Old Rag Mountain.
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Figure 45. SH-29 collected from a depression in the summit outcrop of Old Rag Mountain.
Figure 46. SH-30 collected from summit of Old Rag Mountain.
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Appendix B- Measured Chipping Lengths
Sample Name Chipping lengths                           Average Standard 
 (cm)                              Deviation
SH-071408-01 2
1
0
1
0 5
1
0 5 12
1
0
1
0
1
0 7 8
1
8
1
0
2
0 2
2
7 10.35 6.35
SH-071408-02 2
1
0
1
0 5
1
0 5 12
1
0
1
0
1
0 7 8
1
8
1
0
2
0 2
2
7 10.35 6.35
SH-071508-01 2
2
0 11.00 12.73
SH-071508-02 35
3
0 8 8
4
0
6
0 15
1
0 2 5
2
0 30
1
5
2
0
1
0
2
5
1
5
3
0
3
0
3
0
2
0 5 2
4
0 2
1
5
3
5
1
0 20.25 14.25
SH-071508-03
~
2
SH-071508-04
~
2
SH-071508-05 18
1
1 4 40
3
0
4
0
11
0 3
1
5 2
4
2
11
5
2
5
4
3 35.57 35.79
SH-071508-06 18
1
1 4 40
3
0
4
0
11
0 3
1
5 2
4
2
11
5
2
5
4
3 35.57 35.79
SH-01 14
1
9
2
4
11
4
9
5
3
3 52 5
1
9
1
0 5 4
4
3
1
5
1
4
1
0 5
1
9
1
0
1
0
1
4 6
1
9
2
9 5 5
1
9
2
4
3
3
2
4 24.50 21.97
14
2
4
1
0 33
2
4
1
0 14
3
8
2
9
4
8
8
6 10
1
0
1
9
2
9
7
6
1
9
2
4
1
4
1
4
3
8
6
7
4
3
1
4
1
9
1
4
4
3
1
9
1
4
1
0
19 5
1
9 10
2
4
SH-02 14
1
9
2
4
11
4
9
5
3
3 52 5
1
9
1
0 5 4
4
3
1
5
1
4
1
0 5
1
9
1
0
1
0
1
4 6
1
9
2
9 5 5
1
9
2
4
3
3
2
4 24.50 21.97
14
2
4
1
0 33
2
4
1
0 14
3
8
2
9
4
8
8
6 10
1
0
1
9
2
9
7
6
1
9
2
4
1
4
1
4
3
8
6
7
4
3
1
4
1
9
1
4
4
3
1
9
1
4
1
0
19 5
1
9 10
2
4
SH-07 5 4 2 2 4
1
4 17 6 8
1
3
1
3 1 1 4
1
0
1
9
1
0
1
3
1
0 2 8
1
9
1
5 6 8.47 5.85
SH-08 10
1
5
1
9 29
1
4
5
7 14
1
4
1
5
1
0
3
3 14
1
4
3
3
2
4 6
4
8
2
4
1
0
1
9
1
5
3
8
2
9
2
9
1
0
1
3
7
6 6
1
3
1
4 21.94 14.98
6
2
9
3
8 38
1
4
1
9 17
1
0
SH-11A 32 6
1
5 35
1
3
1
0 19 6
1
1
1
0 4 27
1
5
1
1 4 8 14.08 9.70
SH-11B 32 6
1
5 35
1
3
1
0 19 6
1
1
1
0 4 27
1
5
1
1 4 8 14.08 9.70
SH-11C 32 6
1
5 35
1
3
1
0 19 6
1
1
1
0 4 27
1
5
1
1 4 8 14.08 9.70
SH-12 46
1
7
1
9 11
1
5
1
3 8 8 8
1
9
1
9 13
1
7
1
5
1
9
1
9 8
1
1
1
9
2
4
1
1
1
4 2 6
1
5
2
4
1
3
2
4
1
9
1
9 15.44 7.89
19 8
1
3 17 5 4 2 6 3 8
1
0 6 6 6
1
5
5
7 8 4 6 6 6
1
9 6
1
3 2
1
9
1
9
2
5
1
3
2
4
5
1
3 4 19
3
8
1
5 38
1
9
2
9
1
0
1
0 4
3
2
3
4 6 4
3
3
2
9
2
4
1
9
2
4
1
9
1
4
1
9 4 6
1
9
1
0
5
1
SH-13 76
5
7
1
0 43
2
9
1
7 86
7
1
1
4
3
3
6
7 38 5
3
8
1
5 5
1
9
5
7
2
4
1
0
2
3
4
8
1
4
1
4 5
2
9
3
3
1
9
4
8
1
0 24.31 23.04
23 2 2 10 1
6
7 81
4
8 6 4 2 2 1 1 1
4
3
2
4 5
1
7 6
1
9
4
8
1
0 2
2
1
1
5
1
0
1
0 5
SH-31 10
1
0 7 8 5 5 4
1
2 4 8 5 22 6
2
2 9
1
0
1
5 6 6 9
1
4
1
2 5 5
1
5 8
1
5
1
4 4 3 9.27 5.05
Table 5.Shows all recorded chipping lengths when samples sites were dominated by episodic erosion. 
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Appendix C- Graphs with all collected samples included
Sample Name Slope Values Curvature Values
SH-071408-01 4.192 1.147
SH-071408-02 4.192 1.147
SH-071508-01 6.266 0.574
SH-071508-02 2.931 0.803
SH-071508-03 36.846 0.000
SH-071508-04 10.421 0.230
SH-071508-05 10.421 0.230
SH-071508-06 10.421 0.230
SH-071508-07 34.844 0.115
SH-071508-08 34.844 0.115
SH-071508-09 32.003 -0.229
SH-071508-10 4.986 0.344
SH-071508-11 11.422 0.230
SH-01 14.371 3.672
SH-02 24.507 2.754
SH-03 25.678 0.000
SH-04 26.486 -0.230
SH-05 33.432 0.000
SH-06 8.900 2.524
SH-07 16.576 2.868
SH-08 21.329 1.836
SH-09 0.993 0.918
SH-10 4.028 1.033
SH-11A 5.342 1.147
SH-11B 5.342 1.147
SH-11C 5.342 1.147
SH-12 21.606 1.033
SH-13 14.140 -0.229
SH-25 12.487 0.803
SH-26 7.039 0.000
SH-27 1.528 0.344
SH-28 25.478 0.344
SH-29 6.545 -0.459
SH-30 4.986 -0.574
SH-31 5.619 0.459
Table 7. Complete listing of the slope and curvature values for all collected samples. 
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